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Abstract. Accurate quantification of the amount and spatial
variation of evapotranspiration is important in a wide range
of disciplines. Remote sensing based surface energy balance
models have been developed to estimate turbulent surface en-
ergy fluxes at different scales. The objective of this study
is to evaluate the Surface Energy Balance System (SEBS)
model on a landscape scale, using tower-based flux measure-
ments at different land cover units during an overpass of the
ASTER sensor over the SPARC 2004 experimental site in
Barrax (Spain). A sensitivity analysis has been performed in
order to investigate to which variable the sensible heat flux
is most sensitive. Taking into account their estimation errors,
the aerodynamic parameters (hc, z0M and d0) can cause large
deviations in the modelling of sensible heat flux. The effect
of replacement of empirical derivation of these aerodynamic
parameters in the model by field estimates or literature values
is investigated by testing two scenarios: the Empirical Sce-
nario in which empirical equations are used to derive aero-
dynamic parameters and the Field Scenario in which values
from field measurements or literature are used to replace the
empirical calculations of the Empirical Scenario. In the case
of a homogeneous land cover in the footprints of the mea-
surements, the Field Scenario only resulted in a small im-
provement, compared to the Empirical Scenario. The Field
Scenario can even worsen the result in the case of heteroge-
neous footprints, by creating sharp borders related to the land
cover map. In both scenarios modelled fluxes correspond
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better with flux measurements over uniform land cover com-
pared to cases where different land covers are mixed in the
measurement footprint. Furthermore SEBS underestimates
sensible heat flux especially over dry and sparsely vegetated
areas, which is common in single-source models.
1 Introduction
Accurate quantification of the amount of evapotranspiration
and its spatial distribution is important in research in fields of
hydrology, agronomy and meteorology (Avissar and Pielke,
1989; Anderson et al., 2003; Moran, 2004). This information
aids in precision irrigation, determining crop water stress and
water use of vulnerable ecosystems, and predicting weather
and climate change.
As surface processes contributing to evapotranspiration
are complex and relevant physical parameters are difficult to
measure, accurate mapping of evapotranspiration remains an
important challenge.
Evapotranspiration links the water balance to the surface
energy balance. It is controlled by the availability of mois-
ture and available energy at the surface. Models that simulate
the interaction between the land surface and the atmosphere
are known as Soil-Vegetation-Atmosphere Transfer schemes
(SVAT). Conventional SVATs are based on point measure-
ments and give only reliable results at the local scale. Much
effort is done to use satellite remote sensing data in combi-
nation with SVAT models to upscale to larger areas and to
cope with the heterogeneity of the landscape. Accurate es-
timates of fluxes at the relevant scales are urgently needed
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for the validation of SVAT models. Recently, surface energy
balance models have been developed that use remote sensing
data to estimate surface energy fluxes, e.g. TSEB (Norman
et al., 1995), SEBAL (Bastiaanssen et al., 1998), and SEBS
(Su, 2002).
Nowadays a number of sensors is available with different
spectral and spatial resolutions, airborne and satellite based.
Medium resolution satellite images, e.g. images from the
Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER) and Landsat TM, are inexpensive and can
be used to derive relevant physical parameters for surface en-
ergy balance models at the landscape scale. Field measure-
ments of these parameters are expensive and have a limited
spatial support. The empirical derivation of surface aerody-
namic properties from remote sensing images, however, can
give large errors. In this study the sensitivity of the Surface
Energy Balance System (SEBS) model to all input parame-
ters is investigated. Furthermore, the effect of replacing em-
pirical calculations of surface aerodynamic parameters with
values from field measurements or literature is tested using
two scenarios:
1. Empirical Scenario: empirical equations are used to de-
rive canopy height, hc, surface roughness for momen-
tum transport, z0M , and zero-plane displacement height,
d0;
2. Field Scenario: values from field measurements or lit-
erature are used to replace the empirical calculations of
the Empirical Scenario.
Outcomes of remote sensing based energy balance models
are usually evaluated with a limited number of tower-based
flux measurements (Bastiaanssen et al., 1998; French et al.,
2003; Su, 2002), supported by footprint modelling (Horst
and Weil, 1992). The validity of these models on the land-
scape scale is uncertain, in particular for a-typical and het-
erogeneous land cover types, because flux measurements are
typically situated at homogeneous sites.
In this study the two scenarios of the SEBS model are eval-
uated with distributed flux measurements at the landscape
scale. The focus is on the sensible heat flux as this is the most
critical part of surface energy balance models. The main re-
search questions are:
1. How do SEBS estimated sensible heat fluxes relate to
flux measurements for homogeneous and heterogeneous
land cover in the footprint?
2. What is the sensitivity of SEBS derived sensible heat
fluxes to errors in input data?
3. Do the results of SEBS improve significantly by using
field measurements or literature values of surface aero-
dynamic properties instead of empirical formulations?
In this study the turbulent sensible heat fluxes are mod-
elled with SEBS, using ASTER in combination with field
measurements collected during the SPARC 2004 field cam-
paign of July 2004 in Barrax, Spain (Su et al., 2008).
First, the SEBS model will be introduced followed by a
description of the data sets used in this research. Next, re-
sults of the Empirical Scenario will be evaluated as well as
the sensitivity of the SEBS model. Finally, the differences
between the Field Scenario and the Empirical Scenario will
be discussed.
2 The Surface Energy Balance System (SEBS)
The Surface Energy Balance System (SEBS) is a single-
source model, which estimates atmospheric turbulent fluxes
and surface evaporative fraction from remote sensing data.
Single-source models make no distinction between the en-
ergy balance, temperature and vapour regimes of the vegeta-
tion canopy and the soil surface (Friedl, 2002). SEBS uses
an excess resistance term that accounts for the fact that the
roughness lengths for heat and momentum are different for
canopy and soil surface. Dual source models use two sets
of resistances across which individual, local, single-source
models are applied: a bare soil scheme and a vegetation
resistance scheme. Within the canopy interaction between
soil and vegetation components is included. Finally, a sin-
gle aerodynamic resistance connects the combined canopy
with the atmosphere. A single-source model uses only one
resistance and assumes that all surfaces can be represented
by one effective temperature and humidity value. The physi-
cal detail of dual-source models requires more ancillary data
and calibration compared to single-source models. There-
fore, single-source schemes are more widely utilized for op-
erational monitoring and forecasting (Timmermans et al.,
2005a).
In the current setup SEBS requires three sets of input
data: (1) Products derived from remote sensing data: albedo,
emissivity, temperature and the Normalized Difference Veg-
etation Index (NDVI) to derive local surface roughness pa-
rameters; (2) Meteorological parameters collected at a ref-
erence height (air pressure, temperature, relative humidity,
wind speed); (3) Radiation data (downward solar radiation,
downward longwave radiation).
The SEBS algorithm (Su, 2002) was implemented with the
PCRaster Python Library (Karssenberg et al., 2007). The
model consists of three modules: (1) Derivation of energy
balance terms; (2) Submodel to derive roughness length for
heat transfer (Su et al., 2001); (3) Submodel to derive stabil-
ity parameters. Using these three modules, the energy bal-
ance for limiting cases (i.e. completely wet or dry pixels) can
be resolved. Consequently, the energy balance terms, rela-
tive evaporation, evaporative fraction and evapotranspiration
flux can be derived for all pixels.
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The submodel to derive roughness length for heat transfer
can use either field estimates and literature values or, when
this data is not available, empirical relationships with NDVI
for surface aerodynamic properties. The empirical relation
between the roughness length of momentum transfer, z0M
[m], and NDVI used in this implementation of SEBS is (Su,
2001):
z0M = 0.005 + 0.5 ·
(
NDVI
max (NDVI)
)2.5
(1)
where “max” is the NDVI for maximum vegetation cover in
the image. The height of the canopy, hc [m], is derived with
(Brutsaert, 1982):
hc = z0M0.136 (2)
The zero displacement height, d0 [m], is calculated with
(Brutsaert, 1982):
d0 = 23hc (3)
In this paper two scenarios will be evaluated and com-
pared: the Empirical Scenario uses Eqs. (1), (2) and (3),
while the Field Scenario uses values from field measure-
ments or literature for canopy height, hc, surface roughness
for momentum transport, z0M , and zero-plane displacement
height, d0. Data used in the Field Scenario will be described
in the next section. For a detailed description of SEBS, the
reader is referred to Su (2002).
3 Data description
The data set (Su et al., 2008) used by the model was collected
during the ESA funded SPARC (SPectra bARrax Campaign)
2004 field experiment conducted at the Las Tiesas Experi-
mental Farm test site at Barrax in the La-Mancha region in
Spain, maintained by the Provincial Technical Agronomical
Institute (ITAP). The campaign took place during two weeks
in mid-summer when natural surfaces are under water-stress.
This agricultural area, which is partly irrigated, comprises of
land covers ranging from completely bare soil to fully veg-
etated parcels with canopy heights from several centimetres
up to two meters. Corn, sun flower and other crops are irri-
gated by pivots. The area is a plateau and is situated at an
average of 700 m above mean sea level.
3.1 Remote sensing data
ASTERs excellent capabilities for surface energy flux map-
ping (French et al., 2005) – 15 m resolution in 3 visible, 30 m
resolution in 6 near-infrared and 90 m resolution in 5 ther-
mal infrared bands – are used from an overpass on 18 July at
11:00:29 UTC (Fig. 1).
Fig. 1. Top: ASTER image of 18 July 2004 at 11:00:29 UTC with
the positions of the ground measurements and fields used for ex-
periments during the SPARC 2004 field campaign. LAS = Large
Aperture Scintillometer. Bottom: landuse map with 90 m cells. Co-
ordinate system: UTM Zone 29, Datum WGS-84.
After atmospheric correction using MODTRAN (Berk
et al., 1989) and a standard atmosphere, broadband surface
albedo is derived from 6 shortwave channels following Liang
(2001) and vegetation cover from NDVI using 2 VNIR bands
and a method described by Carlson and Ripley (1997). Sur-
face temperature and surface emissivity in the ASTER level
2 product are retrieved from a temperature-emissivity sepa-
ration (TES) algorithm (Gillespie et al., 1999) using all five
atmospherically corrected TIR bands. Sobrino et al. (2007)
report errors less than 1.5 K for the ASTER level 2 products
of the SPARC 2004 site.
3.2 Ground data
Other input data for the SEBS model consisted of meteo-
rological data and radiation measurements (air temperature,
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relative humidity, wind speed, air pressure, incoming solar
radiation). Furthermore, validation data has been acquired
from flux towers at six locations in the study area. These
consist of measurements of incoming and outgoing short-
wave and longwave radiation as well as soil and sensible
heat fluxes at six sites. Sensible heat flux measurements
were done by using Large Aperture Scintillometers (LAS),
an eddy correlation system, a sonic anemometer and fast re-
sponse thermocouples (Su et al., 2008). The measurements
were performed over typical land-cover units, comprising a
forest nursery (F), a wheat stubble field (W), vineyard (V-
LAS and V-EC), and a sunflower field (S). An additional
measurement was carried out at the edge of a corn field (C)
adjacent to the vineyard site, covering either site depending
on wind-direction. The locations of the flux measurements
are indicated in Fig. 1. The vineyard contains two different
measurements: V-LAS corresponds with the LAS measure-
ment and V-EC corresponds with the eddy correlation system
in the vineyard.
A land cover map (Fig. 1) is derived from a combination
of the SPARC 2004 land-use database and a supervised clas-
sification of the 15 m resolution ASTER imagery, which was
afterwards resampled to the 90 m gridsize. This land cover
map was used to provide the aerodynamic surface proper-
ties as a replacement for Eqs. (1), (2) and (3) in the Field
Scenario. Assessment of canopy height, hc, was done using
field observations, whereas surface roughness for momen-
tum transport, z0M , and zero-plane displacement height, d0,
were assigned using tabulated values from existing literature
(Brutsaert, 1982) (Table 1).
For a successful interpretation of the turbulent fluxes, it is
necessary to know the composition and extension of the up-
wind source area. In the footprint methodology, see for ex-
ample Horst and Weil (1992), Schmid (2002) and Schuepp
et al. (1990), the flux measured at a particular height is con-
sidered as originating from an array of point sources where
the relative weight depends on the location relative to the
measuring instrument. By spatial integration of a source
weight function, it is possible to determine the footprint, i.e.
the contribution of each point source as a percentage of the
total flux. Here, these relative contributions are calculated
using the approximate analytical model described by Hsieh
et al. (2000), using the distance along the main wind direc-
tion, the measuring height, the friction velocity and surface
roughness at the tower sites. The comparison of model re-
sults with tower observations is done by applying the relative
contributions as a weighting function to the pixels concerned.
A footprint consists of 5 to 12 ASTER pixels, depending
on the vertical location and the type of the measuring de-
vice. For comparison with the field measurements of fluxes
the weighted average flux within the footprint is calculated
using:
µˆ =
N∑
i=1
wixi (4)
where xi is the modelled flux at pixel i with relative contri-
bution wi and N , the number of pixels in the footprint. The
sum of the weights equals 1. The footprint weighted variance
of the modelled fluxes is calculated as:
σˆ 2 =

N∑
i=1
wi
 N∑
i=1
wi

2
−
N∑
i=1
(wi)
2
·
N∑
i=1
wi
(
xi − µˆ
)2

N − 1 (5)
For the measurements by the Large Aperture Scintillome-
ter (LAS) the situation is slightly different. The LAS consists
of a transmitter and a receiver between which the scintilla-
tion, which is a measure for the turbulence, is measured along
the pathlength between the transmitter and receiver. As such,
the “location” of the instrument, in terms of determining the
source area, is not a point but a line, and the source area is de-
termined by assuming an array of point measurements along
the pathlength. Wang et al. (1978) show that scintillations
produced by turbulence near the centre of the pathlength con-
tribute more to the signal measured than scintillations near
the transmitter and receiver, according to a spatial weighting
function. Therefore the relative contribution determined by
the approximate analytical model is combined with this spa-
tial weighting function as described in Meijninger (2003).
Timmermans et al. (2009) discuss the issues in deriving sen-
sible heat flux from LAS measurements over heterogeneous
landscapes.
4 Results
4.1 Empirical scenario
First, the model is run without the use of lookup tables for
z0M , hc and d0, and a land cover map, but solely using re-
mote sensing and meteorological data. The output of the
SEBS model consists of the spatial distribution of net radia-
tion (Rn), soil heat flux (G0), sensible heat flux (H ), latent
heat flux (λE) and evaporative fraction (3) at the moment of
satellite overpass (18 July 2004, 11:00:29 UTC) (Fig. 2).
Although the land cover map was not used as an input,
the results have a clear relationship with land cover (Fig. 1).
This can be explained by the sharp contrast between irrigated
fields and their surroundings for the model inputs of surface
temperature and NDVI.
Irrigated fields have a high latent heat flux and a low sen-
sible heat flux. Inside the pivot irrigation fields the sensible
heat flux is at times negative due to the oasis effect (Brutsaert,
1982; Stull, 1988). Because of the high vegetation cover at
the pivots, the soil heat flux is low at these sites. Net radiation
is high in these areas, because the albedo of fully vegetated
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Table 1. Surface parameters for the different land cover types.
Land cover Canopy height, Roughness, Displacement
hc [m] z0M [m] height, d0 [m]
Bare soil 0.00 0.00500 0.000
Wheat stubble 0.15 0.01500 0.100
Forest nursery 0.35 0.06000a 0.228
Vineyard 1.25 0.15000a 0.813
Grassland 0.02 0.00250 0.013
Sunflower 1.00 0.12500 0.650
Crops 0.25 0.03000 0.163
Corn 2.00 0.25000 1.300
Waterbody 0.00 0.00035 0.000
a Note that the surface roughnesses for the forest nursery and the vineyard may vary considerably depending on wind directions parallel or
across rows.
Table 2. Average sensible heat flux per land cover unit, H [W/m2],
and its standard deviation [W/m2] resulting from the Empirical Sce-
nario.
Land cover H [W/m2] Standard deviation [W/m2]
Bare soil 187 0.4
Wheat stubble 191 0.7
Forest nursery 184 1.0
Vineyard 209 1.2
Grassland 138 1.4
Sunflower 58 0.9
Crops 46 1.5
Corn 6 1.5
areas generally is much lower compared to bare soils. Ta-
ble 2 shows the average results of the Empirical Scenario for
each land cover type.
Analysis of the locations of the modelled footprints re-
vealed that only the footprints of the measurements over
the sunflower field (S) and the forest nursery (F) have a
homogeneous land cover. Therefore, the values obtained
from these measurements are representative for footprint in-
tegrated fluxes from these land covers. The source area of the
instrument situated at the edge of the corn pivot (C) contains
vineyard pixels, while the measurement over wheat stubble
(W) contains few corn pixels. Within the footprint of the
eddy correlation measurement in the vineyard (V-EC) some
wheat stubble pixels exist. The LAS over vineyard (V-LAS)
measures a mix of different land covers and the footprint also
contains wheat stubble pixels. This means that the compar-
ison of flux measurements with modelled values is for most
measurement locations related to a number of different land
cover types. Since a weighted area average is used to cal-
culate the fluxes from the footprint of the measurements, the
magnitude of the influence of land covers within the footprint
depends on their location within the footprint.
Comparison of the measured and modelled fluxes
(weighted for the footprint) is shown in Fig. 3. Figure 3
shows that SEBS estimates at locations with a homogeneous
footprint, i.e. S, V-EC, and F, show the best correspondence
with the ground measurements. The trends also compare
well for these land cover types: the well irrigated sun flower
pivot (S) has the lowest H , while the dryer vineyard (V-EC)
and forest nursery (F) have a much higher H .
On the other hand, the results show that for the classes
with a mixed footprint, i.e. C, W and V-LAS the results are
worse. For these locations SEBS underestimates the sensi-
ble heat flux, compared to the ground measurements. These
errors are probably introduced by the aggregation of hetero-
geneous surfaces to ASTER pixels. When all weighting pix-
els fall inside one homogeneous land cover type, the results
are better. This is the case for the eddy correlation mea-
surements of sensible heat flux over the vineyard (V-EC),
the scintillometer measurement over the sun flower field (S)
and the sonic anemometer measurement over the forest nurs-
ery, which show a difference with the modelled H of 43, 36
and 65 W/m2 respectively. The scintillometer measurement
over the vineyard (V-LAS), however, shows a larger differ-
ence (91 W/m2), because the footprint also partly covers bare
soil and wheat stubble and pixels in the ASTER image are
mixed. The sonic anemometer that measured the corn field
gave very high values of sensible heat flux for this irrigated
field. The placement on the northern edge of the corn pivot
in combination with a northern wind (5◦) biases the measure-
ment by including other land covers, mainly vineyard, in the
footprint.
Obviously, SEBS results are less comparable to flux mea-
surements when the measurement footprint covers different
land cover types. This is most likely caused by side effects in
the footprint, when sharp transitions between the land cover
types exist, as is the case with pivots. Sharp transitions have
a large effect on roughness, which is difficult to parameter-
ize in surface energy balance models. Furthermore, SEBS
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Fig. 2. Net radiation flux (Rn), soil heat flux (G0), latent heat flux
(λE) and sensible heat flux (H ) as modelled by SEBS for 18 July
2004 at Barrax, Spain.
and comparable models do not take into account wind direc-
tion, which influences z0M . Moreover, care should be taken
in these typical transition zones where the Monin-Obukhov
similarity theory might be violated (Brutsaert, 1982).
At many locations SEBS underestimates the sensible heat
flux; a phenomenon seen more often at high sensible heat
flux rates when dealing with single-source models (Hunting-
ford et al., 2000; Kustas et al., 1996). This is especially the
case for sites that are characterized with a sparse vegetation
cover under dry conditions.
4.2 Model sensitivity
The results shown in the previous section are computed using
several empirical relations included in SEBS. We hypothe-
Fig. 3. Measured versus modelled sensible heat flux (H ) for each
of the land cover types. The whiskers indicate 1 standard deviation.
Note that F, V-EC, C and W are measured with a temporal reso-
lution of 10 min and V-LAS and S are measured with a temporal
resolution of 1 min. Standard deviations for all measurements are
calculated for a 30 min interval. V-EC = Vineyard with Eddy Corre-
lation System, V-LAS = Vineyard with Large Aperture Scintillome-
ter, F = Forest nursery with Sonic Anemometer, C = Corn with Sonic
Anemometer, W = Wheat stubble with Sonic Anemometer.
size that SEBS results can be improved by replacing some
of these functions by values derived from field measurement
or literature. First, however, we need to determine the most
sensitive parameters that should be replaced in the Field Sce-
nario. Su (2002) derived the sensitivity of the sensible heat
flux analytically. He estimated that the sensitivity is in the
order of 20 W/m2 when the input variables are within 50%
of their actual values, which is around 20% relative to the
mean sensible heat flux.
We performed a sensitivity analysis on all input maps (sur-
face temperature, emissivity, NDVI, albedo, DEM) and field
measurements (reference temperature, wind speed, air pres-
sure, relative humidity, height of boundary layer, incoming
shortwave radiation) in a non-analytical way.
Sensitivity (Si) of a SEBS input is defined here as:
Si (H±) =
(
H± −H0
H0
)
× 100 (6)
Si is calculated for a positive or a negative deviation of an
input of the SEBS model. H0, H+ and H− are the sensible
heat flux predicted by SEBS when the input equals its refer-
ence value i0, 1.25×i0 and 0.75×i0, respectively, with ref-
erence values used for all other inputs. For air temperature,
however, a deviation of 1% was used, since a 25% devia-
tion exceeds its physical limits. For similar reasons absolute
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Table 3. Input parameters of SEBS for which the sensitivity, Si [%]
(Eq. 6) of sensible heat flux (H ) is less than 10% when a deviation
of 25% is applied. H+ indicates a positive deviation and H− in-
dicates a negative deviation applied to the input parameter. DEM
= Digital Elevation Model,  = emissivity, NDVI = Normalized
Difference Vegetation Index, α = albedo, Hf = relative humidity,
K
↓
s = shortwave incoming radiation and Zpbl = height of the Plan-
etary Boundary Layer (PBL).
Si (H+) [%] Si (H−) [%]
DEM −0.9 0.9
 −0.3 0.0
NDVI 0.3 −0.4
α −0.5 0.0
Hf 0.4 0.3
K
↓
s 0.0 −7.4
Zpbl 0.9 −1.1
deviations of 0.1, 0.5 and 1.0 K were used for surface tem-
perature. The sensitivity has been analysed for all validation
locations separately (V-EC, V-LAS, S, F, W and C) and the
average effect on each land cover class.
Table 3 shows the parameters for which H modelled by
SEBS is relatively insensitive (Si<10%). The low sensitivity
to changes in surface elevation (DEM), emissivity (), NDVI,
albedo (α), relative humidity (Hf ), incoming solar radia-
tion (K↓s ) and height of the planetary boundary layer (Zpbl)
was expected, because the derivation of sensible heat flux
requires only meteorological parameters at reference height
and surface temperature. This means that the calculation of
H in SEBS is independent of other surface energy balance
terms in contrast with most other models (Su, 2002). In some
cases, however, other input parameters can have an effect on
the sensible heat flux estimation. This is the case when both
the calculation of H exceeds the model restriction that the
minimal H is equal to the wet-limit sensible heat flux and
the maximum of H equals the dry limit sensible heat flux.
This is determined using net radiation and soil heat flux cal-
culations. The values of H outside the dry- and wet-limit
occur when the iteration in the submodel for the derivation
of stability parameters (Su, 2001) does not converge. This
happens with some land cover types when varying the K↓s
(Fig. 4).
Figure 5 shows the parameters for which H modelled by
SEBS is sensitive (Si>10%): windspeed (u), air temperature
(Ta) and air pressure (P ). These parameters, that are mea-
sured at the meteorological station, are directly used in the
calculation of sensible heat flux.
Most parameters show a comparable sensitivity at the dif-
ferent locations. Exceptions to this are the shortwave incom-
ing radiation (Fig. 4) and surface temperature (Fig. 6). Sensi-
ble heat flux at the sunflower pivot (S) is especially sensitive
to a small error in surface temperature.
Fig. 4. Sensitivity of sensible heat flux (H ) when varying short-
wave incoming radiation (K↓s ) with 25% above and below the mea-
sured value, at all measurement locations (not footprint averaged).
The sensitivity of shortwave incoming radiation depends on limi-
tations of sensible heat flux between its dry and wet limit values.
EC = Eddy Correlation system, LAS = Large Aperture Scintillome-
ter and SA = Sonic Anemometer.
Fig. 5. Mean sensitivity of sensible heat flux (H ) to most sensitive
input parameters of SEBS (except for shortwave incoming radiation
(Fig. 4) and surface temperature (Fig. 6)). u= wind speed, Ta = air
temperature and P = air pressure.
Figure 7 shows the sensitivity ofH to the roughness height
of momentum (z0M ), zero plane displacement height (d0) and
canopy height (hc). These parameters are empirically de-
rived from their relationship with NDVI (Eqs. 1, 2 and 3)
and are correlated.
Table 4 shows that the differences between estimated val-
ues using NDVI and field estimations/literature values can
differ more than the deviations used in the sensitivity analy-
sis and the 50% limit stated by Su (2002). Furthermore, there
is low correlation (r2=0.4) between modelled and measured
values of hc, z0M and d0. For example, the modelled z0M of
grassland is higher than vineyard, which means that homoge-
neous grassland is rougher than heterogeneous vineyard. The
relation of z0M with the arrangement of surface objects, their
spacing and physical height is not well represented by the re-
lation between NDVI and z0M (Eq. 1). This was also found
by Tasumi et al. (2000), Hasager and Jensen (1999), Jasinski
and Crago (1999) and Timmermans et al. (2005b). The high
z0M value modelled for bare soil is probably related to errors
in the classification. Because of these shortcomings of the
Empirical Scenario, the Field Scenario will be evaluated in
the next section.
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Table 4. Field observations (canopy height, hc) and literature-based (roughness length for momentum transfer, z0M and displacement height,
d0) versus land use averaged modelled surface parameters.
Land cover hc [m] hc [m] z0M [m] z0M [m] d0 [m] d0 [m]
Measured Modelled Measured Modelled Measured Modelled
Bare soil 0.00 0.14 0.00500 0.019 0.000 0.095
Wheat stubble 0.15 0.26 0.01500 0.036 0.100 0.180
Forest nursery 0.35 0.49 0.06000a 0.066 0.228 0.330
Vineyard 1.25 0.86 0.15000a 0.120 0.813 0.570
Grassland 0.02 1.22 0.00250 0.170 0.013 0.810
Sunflower 1.00 1.18 0.12500 0.160 0.650 0.780
Crops 0.25 2.05 0.03000 0.290 0.163 1.360
Corn 2.00 2.50 0.25000 0.340 1.300 1.660
Waterbody 0.00 0.37 0.00035 0.051 0.000 0.250
a Note that the surface roughnesses for the forest nursery and the vineyard may vary considerably depending on wind directions parallel or
across rows.
Fig. 6. Sensitivity of sensible heat flux to surface temperature.
EC = Eddy Correlation system, LAS = Large Aperture Scintillome-
ter and SA = Sonic Anemometer.
4.3 Field scenario
New SEBS results are calculated with replacement of the em-
pirical functions for the calculation of surface roughness for
momentum transport (z0M ) with the values from Table 1.
Furthermore, the zero-plane displacement height (d0) and
canopy height (hc) are replaced with values from Table 1,
because they are correlated with z0M in the empirical deriva-
tion.
A lowering of the sensible heat flux for most land cover
types is expected, because of an overestimation of the rough-
ness parameters by the empirical functions. Only for vine-
yard these parameters were underestimated (Table 4).
Fig. 7. Mean sensitivity of sensible heat flux to z0M (left), d0 and
hc (right).
Table 5 shows that the Field Scenario indeed results in a
lower sensible heat flux compared to the Empirical Scenario
for the land cover classes bare soil, wheat stubble, grassland
and water, as was expected from the overestimation of these
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Table 5. Average sensible heat flux per land cover unit, H [W/m2],
and its standard deviation [W/m2] resulting from the Field Scenario.
Land cover H Standard deviation
[W/m2] [10−4 W/m2]
Bare soil 141 1.0
Wheat stubble 169 1.8
Forest nursery 213 15
Vineyard 241 43
Grassland 66 4.1
Sunflower 61 9.3
Crops 57 5.3
Corn 17 6.5
parameters by the empirical functions (Table 4). The ex-
pected increase of the average sensible heat flux for vineyard
is also observed.
For forest nursery, crops and corn fields, however, an in-
crease in sensible heat flux was found (Table 5), which was
not expected from the decrease in z0M , hc and d0 (Table 4).
This is most likely caused by misclassifications in the land
cover map around the pivots. The round pivots, which in re-
ality have sharp borders between wet and dry surfaces, are
bordered by a large number of mixed pixels at 90 m reso-
lution, causing misclassifications at the edges of the pivots.
Also the forest nursery is surrounded by pivots, which bias
the results with mixed pixels. The results for sun flower piv-
ots are comparable in both scenarios.
Compared to the flux measurements (Fig. 8), the model
results improve for forest nursery (F). Also vineyard (V-EC)
results improve at the location of the eddy correlation sys-
tem. Surprisingly, the sensible heat flux for V-EC decreased
in spite of an increase in aerodynamic roughness values. This
is probably caused by the complex relation between H and
z0M , hc and d0. The scintillometer measurement (V-LAS),
which was intended to measure a heterogeneous footprint,
gives similar results for both scenarios.
The sensible heat flux estimates over the wheat stubble
(W) get worse due to the fact that pixels from a corn pivot
are included in the footprint of the wheat stubble measure-
ment, which gives side effects as explained before. Because
the wheat stubble is very dry, the higher sensible heat flux
measured by the eddy correlation system seems to be more
realistic for this land cover than both values modelled with
SEBS.
The results for the sunflower field (S) and the corn field (C)
are the same for both scenarios. The empirical algorithms for
the derivation of surface aerodynamic properties seem to per-
form better for homogeneous covers like corn and sunflower,
instead of the heterogeneous surfaces they are developed for.
The roughness parameters that have been derived empirically
are comparable with values from field measurements and lit-
erature for these homogeneous covers (see Table 4).
Fig. 8. Modelled sensible heat flux (H ) compared to measured val-
ues. A comparison between H modelled with remote sensing based
functions and field measurement/literature values for z0M , hc and
d0. The whiskers indicate 1 standard deviation. Note that F, V-
EC, C and W are measured with a temporal resolution of 10 min
and V-LAS and S are measured with a temporal resolution of 1 min.
Standard deviations for all measurements are calculated for a 30 min
interval.
However, the difference between modelled and measured
sensible heat flux over the corn field is large for both sce-
narios. This can be related to the measurement position and
wind direction at satellite overpass, as stated before. Intu-
itively, the modelled values seem to be more appropriate be-
cause at the irrigated field the evapotranspiration is large, re-
sulting in a high latent heat flux and a low, or even negative
sensible heat flux.
The large improvement for the forest nursery by using the
Field Scenario can be explained by the fact that the foot-
print mainly covers the forest nursery plot and field esti-
mated roughness values are representative. The same can
be concluded for one of the vineyard sites (V-EC). However,
it should be noted that the surface roughness values as given
for the forest nursery and particularly the vineyard may vary
considerably depending on wind direction. This is due to the
structure of these orchards, i.e. row orientation.
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5 Discussion and conclusions
In this paper SEBS has been evaluated at the landscape scale,
using distributed field measurements of sensible heat flux H .
The quality of the SPARC 2004 dataset enabled a detailed
comparison between in-situ measurements and SEBS esti-
mated sensible heat flux over homogeneous and heteroge-
neous land cover.
SEBS is capable of estimatingH in the same order of mag-
nitude as the field measurements. Furthermore, the contrasts
between well irrigated pivots and other land cover types are
observed in both the field measurements and the SEBS re-
sults. Standard deviations in field measurements of H are
similar to standard deviations of H modelled by SEBS.
SEBS estimated sensible heat fluxes relate well to mea-
sured fluxes when the footprint of the measurements covers
only one land cover type. When different land cover types
are included in the footprint, errors are introduced by land
surface variables aggregated to the size of an ASTER pixel.
At the current modelling scale of 90 m this becomes an im-
portant issue when dealing with e.g. pivot irrigation, causing
mixed pixels on its fringe. Using higher resolution imagery
(e.g. Airborne Hyperspectral Sensor, AHS) or disaggregat-
ing surface temperature (e.g. Kustas et al., 2003) to a scale
in accordance with the objects in the footprint of the flux
measurements can give better validation results. However,
disaggregating surface temperature should be done very ac-
curately as the sensitivity analysis showed that SEBS is most
sensitive to the surface temperature. Especially in well irri-
gated fields, sensible heat flux estimates by SEBS can deviate
up to 70% with 0.5 K difference in surface temperature.
Although sensitivity of SEBS derived sensible heat flux
to errors in surface aerodynamic parameters is smaller com-
pared to surface temperature, the errors in the estimation of
these parameters from remote sensing images using empiri-
cal relations can be larger and exceed the 50% limit of input
accuracy for many land cover types. In the previous para-
graphs this has been investigated using two scenarios of input
data. In the Empirical Scenario solely remote sensing data is
used for derivation of z0M , hc and d0. In the Field Scenario
lookup tables with field observations and literature values of
these parameters were used in combination with a land cover
map. The average sensible heat fluxes per land cover unit
have been calculated for both scenarios.
The Field Scenario, however, only resulted in a small im-
provement, compared to the Empirical Scenario, where the
field flux measurements are placed within a homogeneous
footprint. The Field Scenario can even worsen the result for
heterogeneous footprints, by creating sharp borders related
to the discrete borders in the land cover map.
It can be concluded that the use of higher resolution remote
sensing data can better represent the shape of the footprint of
the flux measurements and that the effect of wind direction
on surface roughness for momentum transport should be in-
corporated in SEBS in order to relate SEBS results to flux
measurements, independent of the location of the measure-
ments. This should cope with heterogeneity within the foot-
print and varying roughness for row crops.
Acknowledgements. The SPARC 2004 campaign was carried out
in the framework of the Earth Observation Envelope Programme of
the ESA and financed in part by the EU 6FP EAGLE Project.
Edited by: J. Wen
References
Anderson, M. C., Kustas, W. P., and Norman, J. M.: Upscaling
and downscaling – A regional view of the Soil-Plant-Atmsophere
continuum, Agron. J., 95, 1408–1423, 2003.
Avissar, R. and Pielke, R. A.: A parameterization of heterogeneous
land surfaces for atmospheric numerical models and its impact
on regional meteorology, Mon. Weather Rev., 117, 2113–2136,
1989.
Bastiaanssen, W. G. M., Pelgrum, H., Wang, J., Ma, Y., Moreno,
J. F., Roering, G. J., and van der Wal, T.: A remote sensing sur-
face energy balance algorithm for land (SEBAL): 2. Validation,
J. Hydrol., 212–213, 213–229, doi:10.1016/S0022-1694(98)
00254-6, 1998.
Berk, A., Bernstein, L. S., and Robertson, D. C.: MODTRAN: A
Moderate Resolution Model for LOWTRAN 7, Air Force Geo-
physics Laboratory Technical Report GL-TR-89-0122, Hanscom
AFB, MA, 1989.
Brutsaert, W.: Evaporation into the atmosphere, Reidel, Dordrecht,
The Netherlands, 299 pp., 1982.
Carlson, T. N. and Ripley, D. A.: On the relation between NDVI,
fractional vegetation cover, and leaf area index, Remote Sens.
Environ., 62, 241–252, 1997.
French, A. N., Schmugge, T., Kustas, W. P., Brubaker, K., and
Prueger, J.: Surface energy fluxes over El Reno, Oklahoma, us-
ing high-resolution remotely sensed data, Water Resour. Res., 39,
1164–1176, 2003.
French, A. N., Jacob, F., Anderson, M., Kustas, W. P., Timmer-
mans, W., Gieske, A., Su, Z., Su, H., McCabe, M., Li, F.,
Prueger, J., and Brunsell, N.: Surface energy fluxes with the Ad-
vanced Spaceborne Thermal Emission and Reflection radiome-
ter (ASTER) at the Iowa 2002 SMACEX site (USA), Rem. Sens.
Environ., 99, 55–65, doi:10.1016/j.rse.2005.05.015, 2005.
Friedl, M. A.: Forward and inverse modeling of land surface energy
balance using surface temperature measurements, Remote Sens.
Environ., 79, 344–354, doi:10.1016/S0034-4257(01)00284-X,
2002.
Gillespie, A., Rokugawa, S., Hook, S., Matsunaga, T., and Kahle,
A.: Temperature/Emissivity Separation Algorithm Theoretical
Basis Document, Version 2.4, http://eospso.gsfc.nasa.gov/
eos homepage/for scientists/atbd/docs/ASTER/atbd-ast-03.pdf,
1999.
Hasager, C. and Jensen, N.: Surface flux aggregation in heteroge-
neous terrain, Q. J. Roy. Meteor. Soc., 125, 2075–2102, 1999.
Horst, T. W. and Weil, J. C.: Footprint estimation for scalar flux
measurements in the atmospheric surface layer, Bound-Lay. Me-
teorol., 59, 279–296, doi:10.1007/BF00119817, 1992.
Hsieh, C.-I., Katul, G., and Chi, T.: An approximate analytical
model for footprint estimation of scalar fluxes in thermally strat-
Hydrol. Earth Syst. Sci., 13, 1337–1347, 2009 www.hydrol-earth-syst-sci.net/13/1337/2009/
J. van der Kwast et al.: Evaluation of the Surface Energy Balance System 1347
ified atmospheric flows, Adv. Water Resour., 23, 765–772, doi:
10.1016/S0309-1708(99)00042-1, 2000.
Huntingford, C., Verhoef, A., and Stewart, J.: Dual versus single
source models for estimating surface temperature of African sa-
vannah, Hydrol. Earth Syst. Sci., 4, 185–191, 2000,
http://www.hydrol-earth-syst-sci.net/4/185/2000/.
Jasinski, M. and Crago, R.: Estimation of vegetation aerodynamic
roughness of natural regions using frontal area density deter-
mined from satellite imagery, Agr. For. Meteorol., 94, 65–77,
doi:10.1016/S0168-1923(98)00129-4, 1999.
Karssenberg, D., de Jong, K., and van der Kwast, J.: Modelling
landscape dynamics with Python, Int. J. Geogr. Inf. Sci., 21, 483–
495, doi:10.1080/13658810601063936, 2007.
Kustas, W. P., Humes, K. S., Norman, J. M., and Moran, M.: Single-
and dual-source modeling of surface energy fluxes with radio-
metric surface temperature, J. Appl. Meteorol., 35, 110–121, doi:
10.1175/1520-0450(1996)035, 1996.
Kustas, W. P., Norman, J. M., Anderson, M., and French, A. N.:
Estimating subpixel surface temperatures and energy fluxes from
the vegetation index – radiometric temperature relationship, Re-
mote Sens. Environ., 85, 429–440, doi:10.1016/S0034-4257(03)
00036-1, 2003.
Liang, S.: Narrowband to broadband conversions of land surface
albedo I: Algorithms, Remote Sens. Environ., 76, 213–238, doi:
10.1016/S0034-4257(00)00205-4, 2001.
Meijninger, W.: Surface fluxes over natural landscapes using scin-
tillometry, PhD thesis, Wageningen University, http://library.wur.
nl/wda/dissertations/dis3442.pdf, 176 pp., 2003.
Moran, M. S.: Thermal infrared measurements as an indicator of
plant ecosystem health, in: Thermal remote sensing in land sur-
face processes, edited by: Quattrochi, D. A., and Luvall, J., Tay-
lor and Francis, CRC Press, Boca Raton, USA, 257–282, 2004.
Norman, J. M., Kustas, W. P., and Humes, K. S.: A two-Source ap-
proach for estimating soil and vegetation energy fluxes in obser-
vations of directional radiometric surface temperature, Agr. For.
Meteorol., 77, 263–293, doi:10.1016/0168-1923(95)02265-Y,
1995.
Schmid, H.: Footprint modeling for vegetation atmosphere ex-
change studies: a review and perspective, Agr. For. Meteorol.,
113, 159–183, doi:10.1016/S0168-1923(02)00107-7, 2002.
Schuepp, P., Leclerc, M., Macpherson, J., and Desjardins, R.: Foot-
print prediction of scalar fluxes from analytical solutions of the
diffusion equation, Bound-Lay. Meteorol., 50, 355–373, doi:
10.1007/BF00120530, 1990.
Stull, R.: An introduction to Boundary Layer Meteorology, Kluwer
Academic Publishers, Dordrecht, The Netherlands, 1988.
Sobrino, J. A., Jimenez-Munoz, J. C., Balick, L., Gillespie, A. R.,
Sabol, D. A., and Gustafson, W. T.: Accuracy of ASTER level-
2 thermal-infrared standard products of an agricultural area in
Spain, Rem. Sens. Environ., 106, 146–153.
Su, Z.: A Surface Energy Balance System (SEBS) for estimation of
turbulent heat fluxes from point to continental scale, Publications
of the National Remote Sensing Board (BCRS), USP-2, 2001.
Su, Z.: The Surface Energy Balance System (SEBS) for estima-
tion of turbulent heat fluxes, Hydrol. Earth Syst. Sci., 6, 85–100,
2002,
http://www.hydrol-earth-syst-sci.net/6/85/2002/.
Su, Z., Schmugge, T., Kustas, W., and Massman, W.: An evalu-
ation of two models for estimation of the roughness height for
heat transfer between the land surface and the atmosphere, J.
Appl. Meteorol., 40, 1933–1951, doi:10.1175/1520-0450(2001)
040〈1933:AEOTMF〉2.0.CO;2, 2001.
Su, Z., Timmermans, W., Gieske, A., Jia, L., Elbers, J. A., Olioso,
A., Timmermans, J., Van Der Velde, R., Jin, X., Van Der Kwast,
H., Nerry, F., Sabol, D., Sobrino, J. A., Moreno, J., and Bianchi,
R.: Quantification of land-atmosphere exchanges of water, en-
ergy and carbon dioxide in space and time over the heteroge-
neous Barrax site, Int. J. Remote Sens., 29, 5215–5235, doi:
10.1080/01431160802326099, 2008.
Tasumi, M., Allen, R., Bastiaanssen, W. G. M., Morse, A., Tasumi,
M., Allen, R., and Kramber, W.: The theoretical basis of SE-
BAL, Raytheon Systems Company, Earth Observation System
Data and Information System Project, Idaho Department of Wa-
ter Resources and University of Idaho, 2000.
Timmermans, W., Kustas, W. P., Anderson, M., and French, A. N.:
An intercomparison of the Surface Energy Balance Algorithm
for Land (SEBAL) and the Two-Source Energy Balance (TSEB)
modeling schemes, Rem. Sens. Environ., 108, 369–384, doi:10.
1016/j.rse.2006.11.028, 2005a.
Timmermans, W. J., Su, Z., and Olioso, A.: Footprint issues in scin-
tillometry over heterogeneous landscapes, Hydrol. Earth Syst.
Sci. Discuss., 6, 2099-2127, 2009,
http://www.hydrol-earth-syst-sci-discuss.net/6/2099/2009/.
Timmermans, W. J., van der Kwast, J., Gieske, A. S., Su, Z., Olioso,
A., Jia, L., and Elbers, J.: Intercomparison of energy flux models
using ASTER imagery at the SPARC 2004 site (Barrax, Spain),
in: ESA Proceedings WPP-250, SPARC Final Workshop, ITC
Enschede, The Netherlands, 4–5 July 2005b.
Wang, T., Ochs, G., and Clifford, S.: A saturation-resistant opti-
cal scintillometer to measure C2n, J. Opt. Soc. Am, 69, 334–338,
1978.
www.hydrol-earth-syst-sci.net/13/1337/2009/ Hydrol. Earth Syst. Sci., 13, 1337–1347, 2009
